Most bacteriophages abruptly terminate their vegetative cycle by causing lysis of the host cell. The ssDNA phage fX174 uses a single lysis gene, E, encoding a 91-amino-acid membrane protein that causes lysis of Escherichia coli by inhibiting MraY, a conserved enzyme of murein biosynthesis. Recessive mutations in the host gene slyD (sensitivity to lysis) absolutely block E-mediated lysis and fX174 plaque formation. The slyD gene encodes a FKBP-type peptidyl-prolyl cis-trans isomerase (PPIase). To investigate the molecular basis of this unique FKBP-dependence, spontaneous plaque-forming mutants of fX174 were isolated on a slyD lawn. All of these Epos ('plates on slyD') suppressors encode proteins with either a R3H or L19F change. The double mutant was also isolated and generated the largest plaques on the slyD lawn. A c-myc epitope tag sequence was incorporated into the parental E and Epos genes without effect on lytic function. Western blots and pulse-chase labelling experiments showed that both Epos and E are highly unstable in a slyD background; however, Epos is synthesized at a higher rate, allowing a lysis-sufficient level of Epos to accumulate. Our results indicate that SlyD is required for stabilizing the E protein and allowing it to accumulate to the levels required to exert its lytic effect. These data are discussed in terms of a model for the specific role of the SlyD PPIase in E folding, and of the use of the very strict SlyDdependence phenotype for identifying elements of PPIase selectivity.
single lysis gene, E, which is embedded entirely within the essential D gene (Fig. 1) (Sanger et al., 1978) . Expression of E from a plasmid-borne lac or tac promoter is sufficient to cause lysis of Escherichia coli (Henrich et al., 1982; Young and Young, 1982) . E encodes a 91-amino-acid protein ( Fig. 1 ) localized to the inner membrane of the bacterial envelope (Altman et al., 1985) . The mechanism of E-mediated lysis has been controversial for decades and has been proposed to involve many different molecular functions for E, including induction of autolysis (Bläsi et al., 1984) and formation of proteinaceous channels ('transmembrane tunnels') through the entire envelope (Witte et al., 1990) . Recently, we have provided conclusive genetic and biochemical evidence that E is a specific inhibitor of MraY, a conserved membraneembedded enzyme that catalyses the formation of the first lipid-linked intermediate in the pathway for peptidoglycan synthesis (Bernhardt et al., 2000; Bernhardt et al., 2001a) . It is known that inhibition of MraY activity by both specific and non-specific fungal antibiotics leads to lysis, primarily involving a catastrophic failure at septation. Accordingly, septal failure is observed in cells undergoing lysis caused by E or its orthologue from the related phage a3 (Bradley et al.,1969; Roof and Young, 1993) . Thus the mode by which E mediates lysis seems settled.
Interestingly, recessive mutations in the host gene slyD (sensitivity to lysis) absolutely block the lethal and lytic effects of E expression. fX174 virions accumulate within these mutant cells and, as a result, cannot form plaques on a slyD mutant lawn. Cloning of the slyD gene and subsequent sequence analysis revealed that it encodes a 196-amino-acid protein that is a member of the FKBP family of peptidyl-prolyl cis-trans isomerases (PPIases) (Roof et al., 1994) . SlyD is an abundant cytoplasmic protein in E. coli (Roof et al., 1997) ; it is commonly encountered as a significant contaminant of proteins purified by immobilized metal ion affinity chromatography, by virtue of the 50-residue C-terminal domain of SlyD that contains 15 histidines (Wülfing et al., 1994; Hottenrott et al., 1997; Roof et al., 1997) . The founding member of the FKBP (FK506 binding protein) family is human FKBP12, originally identified in human T-cells based on its ability to bind the immunosuppressant drug FK506 (Kay, 1996) . PPIases are ubiquitous in biology, and appar-ently every cell, and perhaps every compartment of every cell, from bacteria to mammalian cells, has not only FKBP PPIases but also PPIases from two other unrelated classes, the cyclophilins and parvulins (Dolinski et al., 1997; Gothel and Marahiel, 1999) . PPIases catalyse the cis-trans isomerization of X aa -Pro bonds of peptide substrates in vitro (Kay, 1996) . They can also catalyse the folding of proteins limited by the prolyl-isomerization step in their folding pathway (Kay, 1996) . Despite the ubiquity and assayable activities, PPIases have not been assigned a biological role as a class of enzymes, mainly because there are few heritable phenotypes associated with PPIase mutations. For example, all 12 FKBP and cyclophilin PPIases of yeast are dispensable (Dolinski et al., 1997) . No rationale has been proposed for the existence of three separate kinds of PPIases.
It is not known how SlyD participates in the E-mediated lysis mechanism. However, the E protein contains five proline residues, one or more of which may require isomerization for E to adopt a lysis-competent conformation. Witte and colleagues (Witte et al., 1997) reported that a particular proline residue, Pro21, was essential for E lysis, and provided biochemical evidence that the slyDblock prevented trans-envelope externalization of the Cterminus of the E protein, presumably because of a failure in the isomerization of the Leu20-Pro21 peptide bond. Alternatively, SlyD could be involved in delivering the hydrophobic E protein to the inner membrane or facilitating its interaction with its target, MraY, in the lysis pathway.
The E-lysis defect of slyD mutants remains the strictest phenotype resulting from a PPIase mutation at any level of biology. In view of the importance and ubiquity of PPIases, the molecular basis of the slyD block in Emediated lysis is of interest. In this work, we report experiments aimed at understanding the molecular basis of the E-SlyD relationship, using an approach based on the selection of slyD bypass mutants and on the tagging of the E protein with an epitope. The genes of fX174 drawn to scale on a map linearized at the start of the A gene. Below, the effects of the Epos mutations on the D (upper) and E (lower) reading frames are shown. B. Primary structures of E and E orthologues. The pos changes (down arrows) are shown. The shaded bar covers the putative transmembrane region of E. Below, the E sequences from related phages are shown, with residues conserved in all four sequences shaded. C. Schematic diagram of the E expression plasmid pEmycZ. The restriction sites used in the construction are indicated: EcoRI (R), BamHI (B) and HindIII (H). The actual structure of the plasmid is identical to pRY100 (Roof et al., 1997) except for the c-myc tag sequence and lacZ. The drawing is not to scale.
Results

slyD bypass mutations
One hypothesis for the requirement for slyD is that the SlyD PPIase is required for a peptidyl-prolyl trans-cis isomerization step, presumably at one or more of the five Pro residues of E, in order for E to be in the proper conformation in the membrane. To identify the determinants in E that confer the SlyD requirement, wild-type (wt) fX174 was plated, without mutagenesis, on a lawn of E. coli carrying the slyD1 null allele. Two types of plaques arose, small and large at an efficiency of about 10 -6
. Phage were purified from each type of plaque and designated as pos (plates on slyD) mutants. Representatives of each plaque morphology class were tested in one-step growth conditions, in comparison with the parental fX174, on E. coli C slyD + and slyD1 hosts. The large plaque isolates, represented in Fig. 2 by pos4, exhibited essentially normal lysis kinetics in the slyD + host and somewhat retarded lysis on the slyD1 host, compared with the wt host. The small plaque isolates, represented by pos5 and pos6 in Fig. 2 were fully lytic on the parental strain, although pos5 lysis was delayed by about 10 min. However, in the same liquid culture conditions, neither of these small plaque alleles caused a substantial drop in A550 after infection of the slyD1 host. The E gene from several of the pos mutants was cloned into the medium-copy, inducible tac expression vector pJF118 (Fig. 1C ) and the resulting constructs transformed into E. coli K-12 slyD + and slyD1 strains. Induction of the strains carrying the E alleles cloned from the pos mutants resulted in lysis kinetics, which essentially parallelled the results obtained in the phage one-step growth experiments ( Fig. 3A and B) , indicating that at least in the case of the pos4 mutant, the ability to lyse the slyD1 host was conferred by a mutation in the E gene. Sequence analysis of the E gene region revealed that the small plaque isolates each carried one of two missense changes, R3H or L19F, whereas the large plaque isolates were all double mutants carrying both of these missense changes ( Fig. 1A and B) . Partial induction using subsaturating levels of inducer revealed that the two single missense mutations had different © 2002 Blackwell Science Ltd, Molecular Microbiology, 45, 99-108 Fig. 2 . Lysis phenotype of fX174pos mutants. E. coli C strains C990 wt (A) and slyD1 (B) cells were infected with wt fX174 (᭺), pos4 (R3H L19F; ᮀ), pos5(L19F; ¥) or pos6(R3H; ᭛), and the A550 was monitored as described in Experimental procedures. Fig. 3 . Lysis phenotypes of induced E and Epos clones. E. coli K-12 strains CQ24 (A) or CX24 (B) carrying pJF118 with Ewt (᭺), or the pos mutant alleles (labelled as in Fig. 3 ) were induced by 1 mM IPTG at t = 0 and monitored for A550, as described in Experimental procedures. In C, the slyD + host carrying the same plasmids was subjected to a subsaturating level (0.01 mM) of the inducer, IPTG, at t = 0. 1985). However, appending the short c-myc tag to the complete E sequence does not alter the slyD requirement, as shown by the failure of the pEmycZ plasmid to support lysis of a slyD1 host (Fig. 4B) . The analogous construct, pEposmycZ, in which the c-myc tag was fused to the C-terminus of Epos, was also found to be fully functional, in both wt (not shown) and slyD backgrounds (Fig. 4B) .
Accumulation of E-myc depends on slyD
At various times after E-myc induction, cells were harvested for detection of E-myc in Western blots using anti-c-myc monoclonal antibodies (mAbs). As shown in Fig. 5A , E-myc was detected 10 min after induction in a wt host and continued to accumulate until the time of lysis (approximately 25 min). It should be noted that no evidence for SDS-resistant dimeric or oligomeric forms of E can be seen in these immunoblots, in contrast to previous reports (Bläsi et al., 1989) . Parallel analysis performed with a slyD host revealed that E-myc failed to accumulate to detectable levels, which explains why E is non-lytic in the absence of functional SlyD. Epos-myc phenotypes on the wt host, with the R3H mutation causing lysis much earlier (Fig. 3C ). Presumably the ability of the single mutants to generate small plaques on the slyD1 lawn reflects the release of progeny virions in a minority of cells, not significantly affecting the overall culture mass in liquid medium. Alternatively, the level of expression of E in infected cells may be significantly higher, or the single mutants may be more effective in the semi-solid conditions of the plating agar. The Epos4 allele was chosen for further characterization; it is designated Epos for the remainder of this study.
The epitope-tagged E protein is functional and slyD-dependent
Several attempts, in our laboratory and others, at generating useful polyclonal antibodies against the E protein have failed (Witte et al., 1997 ) (J.-L. Sun and R. Young, unpublished) . Therefore, a DNA sequence encoding the c-myc epitope (EQKLISEEDL) was fused to the 3¢-end of the E reading frame and the resultant gene fusion inserted into pJF118, so that anti-c-myc monoclonal antibodies could be used for detecting the tagged E in Western blots. E-myc expression from this construct, pEmycZ, resulted in lysis at essentially the same time as the isogenic construct with the parental E gene (Fig. 4A) , and with the same characteristic septal failure morphology seen with the parental E gene (data not shown). Therefore, the epitope-tagged protein, E-myc, is fully functional. Gene fusions between the lethal amino-terminal domain of E and a number of heterologous protein domains retain lytic function but lose slyD dependence (Maratea et al., A. E-myc accumulation is detected in inductions of MC4100 pEmycZ but does not accumulate to detectable levels from MC4100 slyD1 pEmycZ. B. Epos-myc accumulation is detected from MC4100 slyD1 pEpos-mycZ.
does not require slyD for lysis and therefore should accumulate in the slyD1 host, as is the case (Fig. 5B ).
E-myc and E-mycpos are equally unstable in a slyD host
Given that Epos-myc and the E 59 FLacZ fusion are functional and can accumulate in a slyD host, we considered that the accumulation defect of E-myc in the slyD1 host was probably due to instability of the protein, rather than lack of synthesis. To test this idea, pulse-chase labelling experiments were performed. To facilitate labelling of the E gene products, the decapeptide sequence MMHHHH HHME was appended to the C-terminus; the three additional Met residues permitted labelling to a higher level of specific activity, and the six His residues allowed the labelled protein to be retrieved efficiently from the cell-free extracts with immobilized metal ion resin. This modification had no effect on the lytic function or slyD-dependence of either construct (not shown). Pulse-chase labelling of cells after induction of the parental and pos alleles showed clearly that the products of both genes were proteolytically unstable, being degraded with an approximate life-time of about 1-2 min (Fig. 6) . We conclude that the pos mutations evade the slyD block not by stabilizing the E protein but instead by increasing its rate of synthesis such that sufficient undegraded E protein accumulates to accomplish the inhibition of MraY.
Discussion
The specific SlyD requirement for E stability
PPIases are ubiquitous in nature, and it appears that essentially every cell compartment seems to have at least one of the three different types of PPIases: the cyclophilins, the FKBPs and the parvulins. E. coli has 10 PPIase genes: two cyclophilins, three parvulins, and five FKBPs, with one cyclophilin, one parvulin and three FKBPs in the cytosol (Liu and Walsh, 1990; Hayano et al., 1991; Compton et al., 1992; Trandinh et al., 1992; Rahfeld et al., 1994; Roof et al., 1994; Wülfing et al., 1994; Callebaut and Mornon, 1995; Rudd et al., 1995; Stoller et al., 1995; Rahfeld et al., 1996) . Despite the ubiquity of the PPIases, their biological function is poorly understood. Although the capacity for catalysing the isomerization of peptidyl-prolyl bonds has been demonstrated for most of the putative PPIases, to date no natural substrate has been identified for a PPIase in E. coli.
The very strict non-lytic phenotype for wt E in null and missense slyD backgrounds is unique in that it implies a specific requirement for one PPIase, SlyD, in the function of a single protein, the E lysis protein. One model is that SlyD is required for isomerization of one or more peptidylPro linkages in the E sequence; alternatively, SlyD may bind E and protect it from degradation. It must be noted that a direct interaction between E and SlyD has not yet been demonstrated. Witte and colleagues (Witte et al., 1997) have proposed that Pro21 is the Pro residue involved in SlyD-mediated isomerization required for E function. Given that Epos clearly overcomes the absence of SlyD by its increased level of synthesis but is otherwise equally unstable and functional with the parental E protein in the slyD null background, it is clear that SlyD is not involved in the externalization of the C-terminal domain of E or any other functional step in the lysis pathway. Moreover, although our data do not identify which of the Pro residues may be involved in the SlyD interaction, our immunoblot and pulse-chase results, make it clear that the SlyD-mediated step is required for the stabilization of E.
It should be noted that although there is a reduction in labelling in the zero chase lane for E in the slyD background (compare Fig. 6 , zero chase lanes for E 6H , slyD + and E 6H , slyD -), this almost certainly does not reflect an effect on synthesis, but rather reflects degradation during sample processing, as one might expect for a membrane species with a half-life in minutes. If there were an effect of SlyD on synthesis, it would have to be at the level of translation or mRNA stability, as the slyD background blocks lysis when E is expressed from phage promoters and also from induced plasmids carrying E under heterologous promoters (Maratea et al., 1985; Roof and Young, 1993; Roof et al., 1994; Roof and Young, 1995) . Moreover, as noted above, fusions of the first 59 codons of E with lacZ are fully lytic with the same lysis kinetics (and the same b-galactosidase activities) in slyD + and slyD -backgrounds; this not only maps the lytic domain to the N-terminal domain of E but also allows us to show expression of the fusion genes is not affected by slyD (Maratea et al., 1985) . So if there is a SlyD affect on synthesis, it has to be some affect on the distal part of the mRNA. This seems even more unlikely in view of the fact that no single domain FKBP PPIase has ever been implicated in gene expression in any organism.
Other PPIases have been implicated in protein stability in E. coli (Missiakas et al., 1996) , but this is the first time in any biological system that a single cytoplasmic PPIase has been shown to be specifically required for the stabilization of a particular protein. There are at least four other cytosolic PPIases in E. coli (Hayano et al., 1991; Compton et al., 1992) , including two other FKBP-type enzymes, Tig (Callebaut and Mornon, 1995) and YaaD (also known as SlpA; (Hottenrott et al., 1997) ). A fifth FKBP-type enzyme, FklB, has been reported to be periplasmically located but its gene sequence does not encode a signal sequence and its subcellular disposition is uncertain (Rahfeld et al., 1996) . Despite the multiplicity of PPIase activities, E relies totally on SlyD for stabilization. The specificity of the requirement of E for SlyD provides a unique and powerful genetic tool to investigate the molecular basis of PPIase-substrate interaction.
The pos mutants increase synthesis, not stability
From this perspective, it is disappointing to find that the pos4 bypass mutant causes an increase in synthesis, and that the missense changes caused by the two single-base changes in the mutant are irrelevant to the SlyD-sensitive instability. However, it should be noted that the pos mutants were selected by plating fX174 phage on a slyD1 lawn. E is completely embedded out-of-frame within the essential gene D and thus, in the context of the phage genome, only a few possible missense changes are possible without altering the sequence of the host gene. By using E expressed from plasmid vectors, it should be possible to select for E mutants that overcome SlyDsensitive instability by isolating plasmids released from a slyD1 host (Kloos et al., 1994; Fang, 1996) . Thus, identifying E sequence determinants responsible for the SlyDsensitive instability or the SlyD-specificity should be practical. It is worth noting that the nearly unique position occupied by E may be indirectly responsible for the SlyD requirement. As an alternate reading frame in another essential phage gene, E would have had little opportunity to evolve to a more stably folded structure.
It is unclear why the two changes in Epos4 cause such a significant increase in synthesis rate. It is almost certainly not a transcriptional effect, because fX174 transcripts originate from a number of constitutive promoters quite distant from E (Hayashi et al., 1988) . Instead, the increased synthesis presumably reflects an increase in the translatability of the E mRNA, because of a change in the structure or stability.
Interestingly, a comparison of the E orthologues from the closely related phages a3 and G4 (Fig. 1B) shows that G4 E contains the same two changes, among others, whereas a3 E is identical to fX174 E in those positions. Accordingly, plating tests revealed that G4 and a3 had plating efficiencies of approximately 1 and 10 -6
, respectively, on slyD1 lawns, relative to wt lawns.
The regulation of lysis in fX174-infected cells
A biological imperative for phage-induced cell lysis is that it must occur after a sufficiently long vegetative cycle to allow accumulation of virions for a useful burst of progeny. Moreover, lysis should occur when phage vegetative growth has so depleted the resources of its current host that efficient virion assembly is no longer occurring. In this case, it is advantageous to terminate the infective cycle by lysis, so that the dispersed progeny can infect new prey and resume propagation of virions under optimal conditions. Phages with larger genomes, like l, primarily use the intrinsic properties of their holin proteins as a precisely tuned lysis 'clock' (Young and Bläsi, 1995; Wang et al., 2000; Young et al., 2000) . It is possible that fX174 and other simple phages also have a lysis 'clock', albeit more primitive. Recently, we have shown that, like fX174, another small phage, the ssRNA phage Qb, accomplishes lysis by virtue of inhibiting cell wall synthesis, although by inhibiting a different enzyme, MurA, which catalyses the committed step of the pathway (Bernhardt et al., 2001b) . In the case of Qb, the MurA-inhibitor is another functionality of a single-copy virion protein; an appealing model for lysis timing rises directly from this design, as the accumulation of sufficient virions will titrate out the available MurA activity. As all fX174 genes are expressed constitutively throughout the infective cycle (Hayashi et al., 1988) , the timing of lysis must reside primarily in the rate of accumulation and function of the lysis protein. From the results presented in this study, it appears that the stability of E is absolutely dependent on the host SlyD protein.
It is possible that the stability of the E protein is the primary determinant of the lysis 'clock' and that its dependence on slyD has evolved as a method of measuring host physiological fitness. Further work investigating the affect of environmental and nutritional conditions on SlyD function and thus, indirectly, on lysis timing, will be needed to test this hypothesis. . purE gal his argG rpsL xyl mtl ilv) and its isogenic slyD1 zhd26::Tn10 transductant were used for labelling experiments. Other strains used were: CX1 (ara leu lacI Q purE gal supE trp his argG rpsL slyD1 xyl mtl ilv met his) (Roof et al., 1997) ; CQ24 = CQ21 lacZ::Tn5; CX24 = CQ24 slyD1 zhd26::Tn10; MC4100 (F -araD139 D[argF-lac]U169 rpsL150 relA1 flbB5301 deoC1 ptsF25 rbsR) (Silhavy et al., 1984) and RY2699 (MC4100 slyD1 zhd26::Tn10) (Roof et al., 1994) . fX174 plating strains, C990 (Escherichia coli C wt), and CCX1, its isogenic slyD1 zhd::Tn10 transductant, have been described (Roof et al., 1994) . The fX174-like phages a3 and G4 were obtained from B. Fane.
Experimental procedures
Bacterial strains
Media, chemicals and general methods
Luria-Bertani (LB) broth was used for all cultures except for radioactive labelling experiments. When indicated, media was supplemented with ampicillin (Amp), kanamycin (Kan), or Xgal at final concentrations of 100, 40 and 40 mg ml -1 respectively. For inductions, isopropyl-b-D-thiogalactopyranoside (IPTG; Alexis) was added to a final concentration of 1 mM. Unless otherwise indicated, all chemicals were purchased from Sigma. Centrifugations were performed in a microcentrifuge (Eppendorf 5414) set at maximum speed.
Bacterial growth, inductions and phage methods
All logarithmic cultures were obtained by first growing a 2 ml overnight culture from a single colony and then diluting at least 200-fold into fresh medium aerated at 30∞C or 37∞C. Purification and plating of fX174 and related phages was carried out as described previously (Roof et al., 1994) . Inductions with IPTG were performed by adding 100 mM IPTG to a logarithmic culture to a final concentration of 1 mM.
DNA techniques
DNA sequencing was carried out by automated fluorescent sequencing at the Gene Technology Laboratory of the Department of Biology, as described (Smith et al., 1998a) . All DNA manipulations were performed according to standard procedures described previously (Maniatis et al., 1982) . Enzyme digests and polymerase chain reactions (PCR) reactions were purified using QiaQuick spin columns (Qiagen) according to the manufacturer's instructions. Plasmid DNA preparations were performed using Qiaprep miniprep spin columns (Qiagen) according to the instructions. All enzymes were purchased from Promega with the exception of T4 DNA ligase (Boehringer Mannheim) and Pfu polymerase (Stratagene). Ligation reactions were performed using the Rapid DNA Ligation Kit from Boehringer Mannheim, according to the manufacturer's instructions. PCR compositions, unless otherwise indicated, are: 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 0.1% Triton X-100, 0.2 mM in each dNTP, 1.5 mM MgCl 2 , 0.5 mM in each primer, 2.5 units of Taq DNA polymerase and approximately 200 ng of plasmid DNA or 2 ml of phage lysate as template.
Plasmid constructions
The plasmid pRY100 (Roof et al., 1997) contains the E gene inserted into the expression vector, pJF118EH (Fürste et al., 1986) under control of the tac promoter (Fig. 1C) . The construction of the isogenic plasmids pRY104, pRY105 and pRY106, with the pos4 (R3H L19F), pos5 (L19F) and pos6 (R3H) alleles of E was performed as described for pRY100 (Roof et al., 1997) . The plasmid pRY100Z was constructed by digesting pRY100 with HindIII and filling in the 5¢-overhangs with the Klenow fragment of DNA polymerase I. PCR was used to amplify lacZ from lplac using the primers For-lacZ (5¢-TCCCCCGGGGCTGACCACACAGGAAACAG CTATGACC-3¢) and Rev-lacZ (5¢-TCCCCCGGGCTGCAGG AAATACGGGCAGACATGG-3¢). Cycling parameters were 94∞C for 30 s, 50∞C for 45 s, and 72∞C for 6 min, for a total of 25 cycles. The resulting fragment was digested with SmaI and inserted into pRY100 prepared as described above. Plasmids containing lacZ in the proper orientation relative to the tac promoter were identified as blue colonies on LB Xgal agar. Proper orientation was confirmed by diagnostic restriction digests. The plasmid pRY104Z was constructed using the same procedure as pRY100Z except that pRY104, containing the Epos4 allele (R3H, L19F) was used as the starting vector.
A PCR fragment containing E with the coding sequence for the c-myc epitope tag (EQKLISEEDL) fused in frame at the 3¢-end of E was generated using the primers: E-FORECO (5¢-CTGCGAATTCGGATTGCTACTGACCG-3¢) and Emyc (5¢-CGCGGATCCTCACAGATCTTCAGAGATC AGTTTCTGCTCCTTCTGCACGTAATTTTTGACG-3¢) with pRY100 as the template. The C-terminal Glu residue of the E protein was used as the first residue of the c-myc epitope. Cycling parameters were 94∞C for 30 s, 50∞C for 1 minute, and 72∞C for 1.5 min, for a total of 25 cycles. The resulting fragment was digested with EcoRI and BamHI and inserted into the multiple cloning site of the vector pJF118 (Fürste et al., 1986) , generating the plasmid pEmyc. All epitope tag constructs were sequenced to ensure that no mutations were introduced during tagging procedure. The lacZ gene was amplified from lplac using the primers For-lacZHIII (5¢-TCCCCCGGGAAGCTTCACACAGGAAACAGCTATGACC-3¢) and Rev-lacZHIII (5¢-TCCCCCGGGAAGCTTGAAATACG GGCAGACATGG-3¢). The cycling parameters were the same as those used for the lacZ PCR described above, and the resulting fragment was digested with HindIII. The plasmid pEmycZ was constructed by inserting the digested lacZ PCR fragment into the HindIII site of pEmyc. Proper orientation of lacZ relative to the tac promoter was tested as described above. The presence of the transcriptional lacZ fusions in pRY100Z and pEmycZ provided better repression of the tac promoter, presumably due to pseudo-operator sites within lacZ (Borowiec et al., 1987; Oehler et al., 1990) , and provides a convenient reporter for expression from the tac promoter. The plasmid pEpos-mycZ was constructed using the same procedure as for pEmycZ, with the exception that the plasmid pRY104, containing the Epos4 allele, was used as the template for the epitope tagging PCR.
The plasmids pE6H and pEpos6H, used for the pulsechase labelling experiments, were constructed by inserting PCR fragments containing E and Epos with the coding sequence for the hexahistidine tag sequence, MMHHHH HHME, referred to as the 6H tag, fused to their 3¢-ends into the BamHI site of pJFlacZK, a derivative of pJF118 converted to Kan R and containing full length lacZ in the multiple cloning site as a reporter gene (Bernhardt et al., 2001a) . The PCR fragments were generated using the same strategy as for the construction of pEmyc except for using the primer E6XHIS (5¢-CGCGGATCCTCATTCCATATGGTGATGGTGATGGTGC ATCATCTCCTTCTGCACGTAATTTTTGACG-3¢) to generate the different C-terminal tag sequence and restriction site.
Lysis profiles
Lysis profiles were generated as previously described (Smith et al., 1998a) . Briefly, cultures were grown in LB-Amp at 37∞C to an A550 of 0.2-0.4 and induced with IPTG for expression of the E alleles. A550 measurements were continued until lysis was essentially complete.
Western blotting
Cultures of MC4100 or MC4100 slyD1 containing epitope tag constructs were grown in LB-Amp at 30∞C to an A550 of 0.4 and induced with IPTG. Samples (1 ml) were collected just before and at 5 min intervals following induction. Samples were placed on ice until all samples from the time-course were collected. Cells and lysed cellular debris were collected by centrifugation at 4∞C in a microcentrifuge at maximum speed for 30 min. Cell pellets from samples taken just before induction were resuspended in 20 ml of 2¥ SDS-PAGE buffer (4% SDS, 135 mM Tris-HCl (pH 6.8), 10% glycerol, 11% b-mercapto-ethanol). For normalization, cell pellets from samples taken at intervals after induction were resuspended in a volume of 2¥ SDS-PAGE buffer so that they contained the same A550 units per ml as the initial sample. Samples taken following the onset of lysis were resuspended in the same volume as those taken just before the onset of lysis. This was done so that lysed samples were not biased due to the decrease in A550 which occurs in lysis. Samples were repeatedly pipetted using a tuburculine syringe to shear DNA and reduce sample viscosity before SDS-PAGE. Then, 10 ml of each sample was loaded on a 16% tricine gel (Novex, XcellII Minicell) and run according to the manufacturer's instructions. Gels were blotted to nitrocellulose (Bio-Rad) overnight using a semi-dry blotting apparatus set at 12 mA. Blotting paper and nitrocellulose were presoaked in transfer buffer (39 mM glycine, 48 mM Tris, 20% methanol, 0.1% SDS) before they were placed on the blotting apparatus. Blots were blocked with TBST (10 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.1% Tween-20) and 5% non-fat powdered milk for approximately 2 h. Following blocking, the blots were incubated with primary Ab (9E10; Babco) at a 1:1000 dilution in blocking buffer for approximately 2 h. The blots were then washed five times with 25 ml of TBST and incubated with secondary Ab (Goat-anti-mouse-HRP; Pierce) at a 1:10 000 dilution in blocking buffer for approximately 2 h. The blots were washed again as before and developed using the Super-Signal ULTRA chemiluminesence development kit (Pierce) as described by the manufacturer.
Pulse-chase labelling
Cultures of CQ21 or CQ21 slyD1 containing either pE6H or pEpos6H were grown in 250 ml flasks at 37∞C in minimal M9 media (Miller, 1972) containing Kan and supplemented with all amino acids except for Met and Cys. At an A550-0.5, expression of the lysis gene was induced with IPTG. After 2 min, an aliquot of the culture was transferred to a prewarmed 50 ml flask containing sufficient [ . The culture was continuously aerated throughout the experiment. After labelling for 20 s, the chase was initiated by adding unlabelled methionine to a final concentration of 200 mg ml -1
. Samples of 0.5 ml were removed just before and at various times following the chase and added directly into 0.5 ml of boiling SDS buffer (2% SDS, 50 mM Tris (pH 7.6), and 1 mM EDTA) and boiled for 5 min. The rapid dissolution of the cells using this method was essential for detecting the E 6H protein in the slyD1 strain. The samples were further incubated at 37∞C for 1 h and the cellular debris was removed by centrifugation at maximum speed in a microcentifuge for 30 min. The labelled E 6H and Epos 6H proteins in the samples were precipitated by adding the cleared cell lysate to 70 ml of a 50% slurry of Ni-NTA resin (Qiagen) that was blocked by preincubation with an excess of unlabelled cell lysate from a slyD1 strain. The samples were then gently agitated on a rotator platform overnight at room temperature. The resin was pelleted by a brief spin in a microcentrifuge and washed eight times with 1 ml of Triton buffer (2% Triton X-100, 50 mM Tris (pH 7.6), and 150 mM NaCl). After the washes, the resin was pelleted, the supernatant was removed, and labelled proteins were eluted with 70 ml of 2¥ SDS buffer containing 100 mM EDTA. The proteins in 25 ml of each sample were resolved on a 13% acrylamide (1.9% crosslinker) Tricine gel (20 cm ¥ 20 cm) (Schägger and von Jagow, 1987) . Labelled protein bands in the gel were detected following fluorography (Jen and Thach, 1982) and audioradiography (at -80∞C) using Kodak X-OMAT AR film.
